The establishment of cell and tissue polarity during animal development often requires signaling by Wnts, extracellular signaling polypeptides. Transmembrane receptors of the Frizzled family are implicated in the transduction of Wnt signals in responding cells. Xfz8 is a novel cDNA encoding a Xenopus homologue of mouse Frizzled 8. Xfz8 transcripts are expressed zygotically in the organizer at the early gastrula stage and in the most anterior ectoderm at later stages, suggesting a role in axis specification. When Xfz8 mRNA is overexpressed in ventral marginal zone cells, a secondary body axis with prominent head structures develops. Surprisingly, axis induction was not accompanied by activation of early dorsal marginal zone markers at the gastrula stages, whereas Xwnt8 induced these markers with high efficiency. These findings suggest that Xfz8 is a product of the organizer and mimics its function. Head induction by Xfz8 was blocked by co-expression of GSK3b or a dominant negative form of Xenopus Dishevelled, suggesting that this effect of Xfz8 requires Wnt signal transduction. When Xfz8 is overexpressed in animal pole cells, dorsal marginal zone markers Xnr3, Xotx2 and a promoter construct for Siamois, were selectively activated, demonstrating the difference in competence between animal pole cells and ventral marginal zone cells in response to Xfz8. It is proposed that the Wnt pathways are activated at two different steps during axis formation: to induce the Spemann organizer and to implement organizer functions by triggering dorsoanterior development.
Introduction
The vertebrate body plan is established during early development through a cascade of cell-cell interactions. By the beginning of amphibian gastrulation, these interactions lead to the formation of the organizer, a special area above the dorsal blastopore which is capable of inducing a secondary body axis upon transplantation to the ventral side of the recipient embryo (Spemann, 1938) . The organizer is known to secrete multiple factors that are responsible for the establishment of dorsoventral and anteroposterior embryonic axes (reviewed by Lemaire and Kodjabachian, 1996) . The Wnt family of developmental regulators are implicated in axial development, because of their ability to trigger ectopic axis formation upon overexpression in embryonic blastomeres (Smith and Harland, 1991; Sokol et al., 1991; Moon et al., 1997a) , but their specific role in formation and function of the Spemann organizer remains to be clarified.
Genetic analysis in Drosophila, biochemical studies in tissue culture cells and embryological experiments in Xenopus have shown that the Wnt signal transduction pathway involves the cytoplasmic proteins Dishevelled, GSK-3/ shaggy, b-catenin/armadillo, Axin and the APC product and controls gene expression in the nucleus via LEF1-related transcription factors (Perrimon, 1994; Gumbiner, 1997; Moon et al., 1997a; Nusse, 1997; Zeng et al., 1997) . Similar to Wnts, the vertebrate mediators of the signal transduction pathway can induce organizer markers and complete secondary axes upon overexpression in Xenopus embryos (Dominguez et al., 1995; Funayama et al., 1995; He et al., 1995; Karnovsky and Klymkowsky, 1995; Pierce and Kimelman, 1995; Sokol et al., 1995; Vleminckx et al., 1997; Zeng et al., 1997) .
Wnt signaling may also involve putative transmembrane receptors of the Frizzled family (Bhanot et al., 1996; Yang-Snyder et al., 1996) . The main evidence for the possibility that the Frizzled proteins can function as Wnt receptors comes from a recent observation that a Drosophila cell line transfected with Drosophila Frizzled 2 cDNA acquires the ability to bind and to respond to Wingless, the fly homologue for Wnt1 (Bhanot et al., 1996) . Frizzled proteins consist of an extracellular cysteine-rich domain, which is thought to physically interact with Wnt ligands (Bhanot et al., 1996; Moon et al., 1997b) , seven transmembrane domains and a short cytoplasmic tail. More than twelve different frizzled gene homologues were identified in Drosophila, rat, mouse, human, zebrafish and Caenorhabditis elegans (Chan et al., 1992; Wang et al., 1996) . In vertebrates, these genes are expressed in a stage-and tissue-specific manner, suggesting divergence of their functions .
Although direct interactions between Wnt and Frizzled proteins remain to be demonstrated, members of both families operate in similar developmental pathways. Initially, frizzled was identified as a gene co-ordinating the direction of hair growth in Drosophila wing, a phenomenon known as tissue polarity (for review, see Adler, 1992) . In C. elegans, the Frizzled and Wnt homologues are responsible for asymmetric cell division and for determination of gut cell fate (Herman et al., 1995; Sawa et al., 1996; Rocheleau et al., 1997; Thorpe et al., 1997) . In vertebrates, Wnt signaling functions in the control of dorsoventral limb polarity, in regionalization of brain and kidney and in body axis determination (Parr and McMahon, 1994; Moon et al., 1997a) . Thus, Wnt and Frizzled proteins may be involved in those developmental processes in which cell and tissue polarity is established.
Despite the presence of a large number of different frizzled genes in vertebrates, little is known about the contribution of individual members of the family to inductive signaling during embryogenesis. In this study, Xfz8, a Xenopus homologue of frizzled, was isolated. Xfz8 is expressed in the organizer region and anterior ectoderm. Localized expression of Xfz8 suggests that Xfz8 may participate in the spatial restriction of cellular responses to Wnts during axial development. In addition to the proposed role of early Wnt signaling in organizer formation (Heasman et al., 1994; Fagotto et al., 1997; Fan and Sokol, 1997; Kessler, 1997; Moon et al., 1997a) , this study shows that Wnt/ Frizzled signaling may operate during the later stages of organizer function. Our findings also stress the importance of cell competence in response to Wnt/Frizzled signals.
Results

Xfz8 is a novel Xenopus homologue of Frizzled
To identify Xenopus homologues of frizzled, a lgt10 stage 17 cDNA library was screened with a probe produced by PCR with degenerate oligonucleotide primers and stage 40 tadpole cDNA as a template. A positive phage containing 2.2 kb insert with a large open reading frame was selected for further analysis. Sequencing revealed that the isolated cDNA encodes a protein which is 82% identical to mouse Frizzled 8 .
The new homologue of frizzled, named Xenopus frizzled 8 (Xfz8, Fig. 1 ) contains an open reading frame of 581 amino acids. The deduced protein has a typical Frizzled structure with a putative N-terminal signal peptide, an extracellular cysteine-rich domain, seven transmembrane domains and a short cytoplasmic domain. The C-terminal amino acid sequence SQV fits the consensus motif S/T-X-V which has been postulated to bind to PDZ domains (Kornau et al., 1995) . Thus, the predicted structure of Xfz8 is very similar to other members of the Frizzled family.
Xfz8 is expressed in the organizer and the most anterior neuroectoderm
To evaluate what role Xfz8 may play in embryogenesis, the spatial and temporal patterns of its expression were analyzed. Northern blot analysis showed that Xfz8 transcripts, with the estimated size of 4 kb, first appear after the midblastula transition at stage 9 and are visible throughout later embryogenesis ( Fig. 2A) . Dissection of early gastrulae demonstrates that Xfz8 mRNA is present largely in the dorsal marginal zone, and in less amount, in the vegetal region (Fig. 2B) . Localization of Xfz8 RNA to the organizer region was confirmed by whole mount in situ hybridization. At early gastrula stages Xfz8 is expressed around the dorsal blastopore lip (data not shown). At stage 10.5, Xfz8 transcripts are visible in the dorsal blastopore and above the dorsal lip (Fig. 3A) . As gastrulation proceeds, Xfz8 transcripts are detected in presumptive neuroectoderm (Fig.  3B) . By the end of gastrulation they become restricted to the most anterior ectoderm (Fig. 3C) . At neurula stages, the most anterior region of the embryo is strongly stained (Fig.  3D,E) . Sections of the stained embryos showed that Xfz8 transcripts are mainly present in anterior ectoderm, including telencephalic and cement gland regions with a weak expression in underlying mesendoderm (Fig. 3F) . Localization of Xfz8 mRNA in the organizer and in anterior ectoderm suggests that it may play a role in axis determination and ectodermal patterning.
Induction of secondary axes by Xfz8
Several findings suggested that the Wnt signal transduction pathway is involved in the establishment of the dorsoventral axis (see Moon et al., 1997a for review) . Since Xfz8, a potential Wnt receptor, is expressed in the organizer, we hypothesized that it may be involved in axis determination. Consistent with the prediction, injection of mRNA encoding a full length Xfz8 into a ventral vegetal blastomere led to induction of a secondary body axis (Fig. 4A ). The secondary axis had pronounced head structures with cement glands and eyes, but always had posterior truncations (Fig. 4A , Table 1 ). The effect of Xfz8 mRNA was dose-dependent, such that head structures were induced in the majority of embryos injected with high doses (1-2 ng) of Xfz8 mRNA, whereas the lower doses (0.3-0.5 ng) induced axes and head structures at lower frequency (see below, Fig. 9B ). The control BH1 mRNA encoding a C-terminally truncated Xfz8 did not have this head-inducing activity (Table 1) . Together, these findings indicate that Xfz8 is a functionally active protein that may be involved in head development and anteroposterior axis determination.
To examine which tissues differentiated in embryos overexpressing Xfz8 RNA, histological analysis was carried out. Secondary axes in embryos ventrally injected with Xfz8 mRNA included well-differentiated notochord, somites and neural tissue with eyes and cement glands (Fig. 4B ). However, due to the axis extension defect, the notochord and neural structures in induced axes were always shorter Since the carboxy-terminal SQV sequence of Xfz8 is predicted to interact with PDZ domain-containing proteins (Kornau et al., 1995) , it was tested whether the removal of this motif affected the activity of Xfz8. DC mRNA from a cDNA that lacks 17 amino acids from the C-terminus induced secondary axes as efficiently as the wild-type Xfz8 mRNA (Fig. 5 , Table 1 ). This result indicates that the -SQV sequence is not essential for head-inducing ability of XFz8.
Xwnt8 is known to have different effects on axis formation depending on the time of its expression, such that it is not capable of inducing an axis after the initiation of zygotic transcription . To test whether Xfz8 is able to trigger axial development after midblastula transition, embryos were injected ventrally with Xfz8-pCS2 plasmid which is transcribed only at late blastula stages. Axis inductions were observed, although at lower frequencies than with Xfz8 RNA (data not shown), suggesting that Xfz8 functions relatively early in development. In contrast, control ventral injections of similarly constructed Xwnt8 or Xdsh plasmids did not lead to axis development (Itoh and Sokol, 1997 and data not shown). These experiments suggest that Xfz8 functions after the induction of organizer by the maternal Wnt pathway has occurred.
Xfz8 triggers head formation in the absence of many organizer markers
Since the organizer has been shown to be responsible for induction of dorsal and anterior structures (Spemann, 1938; Gerhart et al., 1989) , it was evaluated as to whether injected Xfz8 mRNA activates organizer markers at the gastrula stages. When overexpressed in ventral blastomeres, Wnts or the components of the same signaling pathway are known to induce the organizer quite efficiently (Sokol et al., 1991; Dominguez et al., 1995; He et al., 1995; Pierce and Kimelman, 1995; Sokol et al., 1995; Fagotto et al., 1997; Glinka et al., 1997; Vleminckx et al., 1997) . Consistent with these studies, Xwnt8 RNA activated all tested organizer markers including goosecoid, Xlim1, chordin, Xotx2, Frzb1, Xnr3 and cerberus, while the expression of ventrolateral markers Xwnt8 and PV1 was inhibited in ventral marginal tissue at early gastrula stage (Fig. 6A) . In contrast, we failed to detect significant activation of dorsal marginal zone markers by Xfz8 at stage 10 ( Fig. 6A ) in several independent experiments. The induction of the same markers was analyzed at a later stage (stage 12.5) and similar results were obtained ( Fig. 6B) . The only markers activated by Xfz8 at this stage in ventral marginal zone cells were MyoD and cerberus (Fig. 6B) . Also detected was a weak down-regulation of PV1 expression, suggesting that the ventral cell fates are altered during gastrula stages. Further examination of late markers at neurula stages revealed activation of NCAM, XCG1, Xotx2 and muscle actin by Xfz8 (Fig. 6C) , consistent with the morphological assessment of head formation
Activity of Xfz8 depends on the Wnt signal transduction pathway
Differences in the ability of Xwnt8 and Xfz8 to induce organizer markers led us to examine if the effect of Xfz8 requires functional Wnt signal transduction pathway. We tested whether Xdd1 (Sokol, 1996) and GSK3b (Dominguez et al., 1995) , both negative regulators in Wnt signaling, influenced head-inducing ability of Xfz8. Xdd1 is a deletion construct of PDZ domain from Xdsh and acts as a dominant negative form in secondary axis induction by Xwnt8 and Xdsh (Sokol, 1996) . Wild type GSK3b has also been shown to reduce axis inducing ability of Wnt signaling (Dominguez et al., 1995; He et al., 1995; Pierce and Kimelman, 1995) . Both Xdd1 and GSK3b RNAs inhibited head induction by Xfz8 RNA (Fig. 7, Table 2 ), indicating that Xfz8 acts via the classical Wnt signal transduction pathway. Head-inducing ability of Xfz8 was also antagonised by the known inhibitors of anterior development: BMP4 mRNA (Dale et al., 1992; Jones et al., 1992) and Xwnt8 plasmid DNA (Table 2 ).
Differential response of embryonic cells to Xfz8: selective activation of organizer markers in animal caps
To assess whether Xfz8 is able to activate early marginal zone markers in the absence of mesoderm-derived signals, Northern analysis of animal cap explants overexpressing Xfz8 was performed. When cultured in isolation, these explants give rise to atypical epidermis (see Smith, 1993, for review) . Addition of the potent mesoderm inducing factor activin (Smith, 1993) results in efficient activation of several marginal zone markers (Fig. 8A) . Injection of Xfz8 mRNA induced two dorsal marginal zone markers, Xotx2 and Xnr3, in the absence of exogenously added growth factors (Fig. 8A) . In contrast, two other markers, goosecoid and Xlim-1, were not activated by Xfz8.
Furthermore, it was tested whether another organizer gene Siamois (Lemaire et al., 1995) is activated by Xfz8 since it has been shown to be induced by Wnt signaling in animal caps (Brannon and Kimelman, 1996; Carnac et al., 1996; Yang-Snyder et al., 1996) . The plasmid -833pSia-Luc which contains the Siamois promoter fused to the luciferase gene (Fan et al., 1998) was activated by overexpressed Xfz8 mRNA in animal caps as compared to control animal caps injected only with the reporter construct (Fig. 8B) . The ability of Xfz8 to selectively induce organizer markers in animal caps, but not in ventral-marginal-zone cells, demonstrates differential cell competence in different regions of the embryo.
Xfz8 synergizes with different Wnt ligands
To study possible interactions of Xfz8 with different ligands, Xfz8 RNA was co-injected with RNAs from different Xwnts. In animal cap assay, Xfz8 synergized with Xwnt8, Xwnt5a (Fig. 9A ) and Xwnt3a (data not shown) to activate the early response gene Xnr3. Xfz8 mRNA was also injected with different Xwnt mRNAs into a ventrovegetal blastomere at eight-cell stage and the induction of secondary head structures was assessed. In contrast to Xwnt5a, which does not induce a secondary axis , Xwnt2, Xwnt3a and Xwnt8 can induce a complete secondary axis on their own (Sokol et al., 1991; Wolda et al., 1993; Landesman and Sokol, 1997) . At sub-threshold doses, at which Xwnt2, Xwnt5a and Xwnt8 do not show any pronounced axis-inducing activity, co-injection of Xfz8, resulted in prominent axis inductions ( Fig. 9B and data not shown). Interestingly, Xwnt5a can also co-operate with Xfz8 in induction of head development (Fig. 9B) . These results indicate that Xfz8 can interact with different Wnt ligands. Fig. 6 . Ventral expression of Xfz8 constructs does not lead to induction of organizer markers. Xfz8 mRNA (2 ng) or Xwnt8 mRNA (10 pg) were injected into two ventrovegetal blastomeres of eight-cell embryos. Dorsal and ventral embryo halves were dissected at stage 10 and immediately used for RNA preparation (A) or cultured until control sibling embryos reached stage 12-12.5 (B) or stage 16 (C). Xlim1, Xnr3, Gsc (goosecoid), Chd (chordin), Cerberus, Frzb1 are organizer markers. XANF 1 and Xotx2 are dorsal marginal zone and anterior ectoderm markers. Xwnt8 and PV1 are ventrolateral markers. MyoD is an early marker for somites. Fibronectin (FN) is a loading control. NCAM is a pan-neural marker. XCG1 is a cement gland marker. Cardiac actin (the lowest band) is specific for skeletal and cardiac muscle, whereas cytoskeletal actin RNA above reflects loading (C).
Discussion
In this study Xfz8, a novel homologue of Frizzled, was isolated, and it was shown that it is expressed in the organizer at the beginning of gastrulation and in anterior ectoderm at later stages. This expression pattern suggests that Xfz8 may mediate some of organizer activities, as well as participate in anterior neuroectoderm development. Since Xfz8 transcripts are progressively restricted to the most anterior ectoderm during gastrulation, the expression of Xfz8 may be sensitive to posteriorizing signals produced by the organizer (Nieuwkoop, 1952) .
Microinjection of Xfz8 mRNA into ventral blastomeres leads to induction of a secondary body axis containing the most dorsal (notochord) and anterior structures (eyes, cement glands). At the same time secondary axes induced by Xfz8 were posteriorly deficient (Fig. 4, Table 1 ). Similar axis extension defect is observed after dorsal overexpression of Xwnt5a, Xwnt4 and Xwnt11 (Du et al., 1995) , suggesting that they may be involved in the same signal transduction pathway as Xfz8. In support of this hypothesis, Xfz8 can synergize with Xwnt5a to induce a secondary head and to activate Xnr3 in animal caps (Fig. 9) . Similar synergy was reported for Xwnt5a and human Fz5 . Furthermore. it was reported that Xwnt8, but not Xwnt5a, interacts with rat Fz1 in animal cap assay (Yang-Snyder et al., 1996) . In contrast, we observed co-operativity of Xfz8 with different Wnts (Fig. 9) . Thus, the ligand specificity for Xfz8 may be distinct from those for human Fz5 and rat Fz1.
Our results indicate that head induction by Xfz8 and axis induction by Xwnt8 and other components of the Wnt pathway differ substantially. Xwnt8 mRNA induces all tested organizer markers upon injection in ventral blastomeres (Fig. 6) , whereas Xfz8 did not significantly activate these markers by the beginning of gastrulation (Fig. 6A) , or even by stage 12.5 (Fig. 6B) . Since Xfz8 itself is expressed in the organizer (Fig. 2) and may mediate some of its activities, it could be involved in the specification of head structures after the initial inductive interactions have taken place. It was further demonstrated that the negative regulators of Wnt signaling Xdd1 and GSK3b inhibit head induction by Xfz8 (Fig. 7) . Thus Wnt signal transduction pathways may operate at two different steps during dorsoanterior development: before and after formation of the organizer.
The induction of head structures by Xfz8 could be a result of its activation in the absence of a ligand. For example, transfection of Drosophila Frizzled 2 (Dfz2) into tissue culture cells stimulates hyperphosphorylation of Dsh (Willert et al., 1997) , suggesting that Dfz2 can transmit some signal(s) in the absence of the Wingless ligand. On the other hand, a Wnt ligand for Xfz8 may be present in excess in the ventral marginal zone of the embryo. This possibility is supported by the observations that Xfz8 can co-operate with different Wnt ligands (Fig. 9, data not shown) . Several Wnts including Xwnt5a , Xwnt8 and Xwnt11 (Ku and Melton, 1993) are present in the marginal zone during blastula and gastrula stages. Since Xwnt5a and Xwnt11 do no have a capacity to induce a complete secondary axis, a specific receptor may be missing on the ventral side . Thus, the presence of Xfz8 may be the rate-limiting step in activation of dorsoanterior development by an endogenous-Wnt ligand.
The alternative possibility is suppression of an inhibitoryWnt signal. Xfz8 may bind to and suppress an endogenousventralizing-Wnt ligand, thus eliciting dorsoanterior structures. This mode of action has been proposed for soluble inhibitors which are homologous to the Frizzled extracellular domain (Finch et al., 1997; Leyns et al., 1997; Mayr et al., 1997; Rattner et al., 1997; Wang et al., 1997) . Xwnt8 is a candidate ventralizing Wnt, because its overexpression at late blastula stages was reported to inhibit dorsoanterior development . However, ventral injection of low doses of Xfz8 co-operatively induced, rather than suppressed axis formation by Xwnt8 and activated expression of Xnr3 in animal caps (data not shown, Fig. 9 ). Moreover, intracellular domain is critical for Xfz8 effects since BH1 construct which has intact extracellular domain, but lacking cytoplasmic tail did not induce secondary axes (Table 1) . These results suggest that Xfz8 functions by positively transducing a signal, rather than suppressing the endogenous-ventralizing Wnt signaling.
Injection of Xfz8 into the animal pole region resulted in activation of Xnr3, Xotx2 and Siamois in ectodermal Fig. 8 . Xfz8 selectively activates Xnr3, Xotx2 and the siamois promoter in animal cap explants. (A) Animal caps were excised from embryos injected with 1 ng of Xfz8 mRNA per each blastomere at two-cell stage. Control uninjected explants were treated with 5 ng/ml of activin. The explants were cultured until control sibling embryos reached stage 10.5, and total RNA was isolated from explants for Northern analysis. Xbra is a general marginal zone marker. Other markers are as in Fig. 6. (B) Animal caps were isolated from embryos injected with 40 pg of -833pSia-Luc DNA alone or together with 2 ng of Xfz8 mRNA. Control uninjected explants are also shown. Luciferase activity was measured in cell lysates at stage 10.5 and is presented as the average from triplicate samples with standard deviations. explants (Fig. 8) . Selective activation of organizer markers by Xfz8 in animal caps, but not in ventral marginal cells, suggests that distinct processes occur in these two regions. This hypothesis is supported by the previous observations, demonstrating that the effects of Xdsh on anteroposterior patterning in animal caps are different from its effects on ventral mesoderm (Itoh and Sokol, 1997) . In further support of this possibility, the same spectrum of markers including Xotx2 and Xnr3, but not Xlim1 and goosecoid, were induced by Xdsh in animal caps (Itoh and Sokol, 1997) . Distinct responses of animal caps and ventral-marginalzone cells to Xfz8 suggest that Xfz8 interacts with two differentially-distributed Wnt ligands or intracellular components of the signal transduction. Future experiments should distinguish these two possibilities.
Experimental procedures
Xenopus eggs and embryos
Eggs were obtained from Xenopus females injected with 600 units of human chorionic gonadotropin, fertilized in vitro and cultured in 0.1× MMR (Newport and Kirschner, 1982) . Embryonic states were determined according to Nieuwkoop and Faber (1967) .
cDNA isolation and mutant constructs
Polymerase chain reaction (PCR) was carried out on stage 40 tadpole cDNA as a template, with degenerate oligonucleotide primers corresponding to the conserved third and seventh transmembrane domains of Frizzled in Drosophila, mammals, and zebrafish . The primers were: GTGAATTCGT(AGCT)CC(AGCT)(GC) (AT)CCA(AGCT)A(CT)CCA (upstream), and GCGGA-TCCATGGC(ATC)(AT)(GC)(ATC)(AT)(GC)(ATC)AT (ATC)TGGTGG (downstream). The conditions for PCR were: 3 min at 94°C for one cycle; 1 min at 93°C, 1.5 min at 50°C, 2 min at 72°C for 35 cycles; 4 min at 72°C for 1 cycle. An amplified DNA fragment of 570 bp was digested with BamHI and EcoRI and cloned into pBluescript SK (Stratagene), digested with BamHI and EcoRI. The cloned fragment was used to screen a lgt10 cDNA library from stage 17 embryos (a gift of D. Melton) using standard techniques (Sambrook et al., 1989) . A 2.2 kb phage insert was subcloned into pBluescript SK (Xfz8-pBSSK) and sequenced in both directions. The insert contained a complete open reading frame of Xfz8. The sequence of Xfz8 has been deposited into the GenBank and has an accession number AF017177.
For injection studies, Xfz8-pBSSK was digested with XhoI and XbaI and subcloned into pXT7 (Dominguez et al., 1995) digested with XhoI and SpeI. BH1 construct encodes partial Xfz8 protein which was C-terminally truncated after Ile 434. BH1 mRNA did not produce any developmental effects and was used as a negative control for mRNA injections. DC construct encodes Xfz8 protein with 17 C-terminal amino acids deleted.
Microinjections and animal cap assays
Capped synthetic RNAs were generated as described (Krieg and Melton, 1984) by in vitro transcription of plasmids containing different constructs of Xfz8, Xwnt8 , GSK3b (Dominguez et al., 1995) , dominant negative form of Xenopus Dishevelled (Xdd1; Soko1, 1996), Xwnt3a (Wolda et al., 1993) , Xwnt5a or BMP4 (Jones et al., 1992) using mMessage mMachine kits (Ambion). For microinjections, embryos were placed into a dish containing 3% Ficoll, 0.5× MMR and were injected at two-cell or eight-cell stage. Each injected blastomere received 10 nl of a solution containing 0.3-2 ng of Xfz8, 1 ng of BH1 or DC Xfz8, 1.2-5 pg of Xwnt8, 5 pg of Xwnt3a, 0.3 ng of Xwnt5a, 1 ng of GSK3b, 1 ng of Xdd1 and 1 ng of BMP4 mRNA or 20 pg of Xwnt8 DNA. For animal cap assay, embryos were injected with mRNAs at the two-cell stage into animal pole region. At stage 8, animal caps were isolated and cultured in 0.6× MMR. Animal caps were harvested for Northern blotting when control siblings reached stage 10.5. For Northern analysis, embryos were injected with mRNAs into two ventrovegetal blastomeres at eight-cell stage, dorsal and ventral halves were dissected at stage 10, and their RNA was extracted immediately or after uninjected controls reached stage 12.5 or stage 16. For histology, embryos injected at the Xfz8 mRNA (1 ng) was injected alone or in combination with Xdd1, GSK3b or BMP4 mRNA (1 ng each) or Xwnt8 plasmid DNA (20 pg) into one ventrovegetal (VV) blastomere at the eight-cell stage. Phenotypes were scored morphologically at stages 33-39. Single axis group includes occasional embryos with kinked tails and short trunk.
eight-cell stage were cultured until control embryos reached stage 39-40.
Northern blot analysis
Total RNA was isolated from explants, dissected embryos and intact embryos and prepared for Northern analysis as described using standard techniques (Sambrook et al., 1989) . RNA probes were prepared by in vitro transcription using [ 32 P]UTP and SP6, T3 or T7 RNA polymerase (Krieg and Melton, 1984) from plasmids containing Xfz8, fibronectin (Krieg and Melton, 1985) , Xwnt8 , Xlim1 (Taira et al., 1992) , Xnr3 (Smith et al., 1995) , goosecoid (Blumberg et al., 1991) , Xotx2 (Pannese et al., 1995) , chordin (Sasai et al., 1994) , cerberus (Bouwmeester et al., 1996) , Frzb1 (Leyns et al., 1997) , XANF1 (Zaraisky et al., 1995) , PV1 (Ault et al., 1996) , MyoD (Hopwood et al., 1989) , NCAM (Kintner and Melton, 1987) , XCG1 (Sive et al., 1989) and cardiac actin (Dworkin-Rastl et al., 1986) . DNA probe for Xbra was radiolabeled with [ 32 P]dCTP using random hexamer primers and Klenow enzyme (Sambrook et al., 1989) . After each hybridization, the membranes were stripped by boiling in distilled water.
Histology
Uninjected embryos (stage 39) and embryos injected with Xfz8 mRNA were fixed in MEMFA (Hemmati-Brivanlou and Harland, 1989 ) for 2 h. Fixed embryos were dehydrated with ethanol and xylene and embedded in paraffin. Serial sections were cut at 8 mm and stained with hematoxylin/ eosin.
Whole-mount in situ hybridization
Whole-mount in situ hybridization was performed as described (Harland, 1991) . Digoxigenin-labeled Xfz8-specific antisense RNA probes were generated from plasmid; containing different regions of Xfz8 using T3 or T7 RNA polymerase. For detailed observation, stained embryos were embedded in paraffin and sectioned at 12 mm.
Luciferase assays
Transcriptional activation of Siamois (Lemaire et al., 1995) was analyzed using the -833pSia-Luc plasmid which contains 833 bp fragment of upstream regulatory sequence of Siamois promoter fused with the luciferase reporter gene (Fan et al., 1998) . Both blastomeres of twocell embryos were injected with 10 nl containing 20 pg of833pSia-Luc DNA alone or with 1 ng of Xfz8 mRNA. Animal caps were excised from injected embryos when control embryos reached stage 8 and cultured until stage 10.5, when the animal caps were processed for luciferase activity measurement as described (Fan and Sokol, 1997) .
